The mammalian gene for SREBP-1 (sterol-regulatory-elementbinding protein 1) contains two promoters that control the production of two proteins, SREBP-1a and -1c, and each contains a unique N-terminal transcriptional activation domain, but they are otherwise identical. The relative level of each mRNA varies from tissue to tissue and they respond differently to regulatory stimuli. SREBP-1c is more abundantly expressed in liver, where its level is also regulated by insulin and liver X receptor activators, and it is also autoregulated by SREBPs. In contrast, SREBP-1a mRNA levels are relatively low and constant in different tissues and few studies have specifically analysed its pattern of expression and regulation. In the present study, we show that the promoter for SREBP-1a is contained in a very small promoter-proximal region containing two Sp1 sites. The small and relatively simple structure for its promoter provides an explanation for the low level of SREBP-1a expression. Additionally, since Sp1 has been implicated in the modest regulation of several genes by insulin, its involvement in the expression of the SREBP-1a promoter provides an explanation for the modest insulin regulation observed in animal experiments.
INTRODUCTION
SREBPs (sterol-regulatory-element-binding proteins) are important regulators of mammalian lipid metabolism [1] . The SREBP-1 gene encodes two almost identical proteins, SREBP-1a and SREBP-1c, which are expressed from overlapping mRNAs. A separate gene encodes a single mRNA and protein for SREBP-2. The two SREBP-1 proteins are identical except at the extreme N-termini. Two separate promoters control mRNA initiation giving rise to unique 5 -ends that are separated by several kilobases in the genomic DNA. Transcription at each promoter results in a unique 5 -terminal exon in each mRNA that is spliced to a second exon that is common to both. Translation is initiated in the first exon and continues in the identical reading frame across the splice junction into exon 2. Therefore the two proteins have different N-termini but are identical from the common second exon onwards. SREBP-1a has 28 unique amino acids from its first exon and SREBP-1c has only four (in addition to the initiator methionine residue). The activation domain of the SREBP-1 proteins is located in this N-terminal region [2, 3] . SREBP-1a has a potent activation domain, which interacts efficiently with coactivators such as p300/CREB-binding protein (where CREB stands for cAMP-response-element-binding protein) and the mammalian mediator complex [2, 4] . The shorter N-terminus of SREBP-1c is a weak activation domain and interacts weakly with the same transcriptional co-activators [2, 5] .
Since there are significant differences in the functional activity of SREBP-1a and -1c and their differential expression is dependent on the activity of different promoters, it is important to study how each promoter is regulated to determine how the ratios of the two proteins would vary under different conditions during development, in different tissues and in response to changing physiological conditions. So far, significant attention has been given to the regulation of SREBP-1c and SREBP-2. The SREBP-1c promoter is regulated by glucose, liver X receptor and is also autoregulated by SREBPs [6] [7] [8] . Additionally, its expression also varies significantly from tissue to tissue [9] . Studies in animals have shown that the insulin regulation of SREBP-1c is key to the lipogenic response of the liver to a fasting/high carbohydrate refeeding regimen [10] . The promoter for the SREBP-2 gene is regulated by thyroid hormone [11] and is also autoregulated by SREBPs [12] .
The ratio of SREBP-1a to SREBP-1c mRNA varies from 10:1 in spleen to 1:10 in liver [9] . This two order of magnitude difference is because SREBP-1c mRNA levels vary from tissue to tissue and SREBP-1a mRNA appears to be maintained at a consistently low level. This suggests that the SREBP-1a promoter would be simple and relatively weak. In this paper, we present evidence to support this hypothesis. We show that, for maximal levels of activity, the SREBP-1a promoter requires only 75 bp of the 5 -flanking sequence. We further identified two binding sites for Sp1 within this region, probably what the cis-acting DNA needed for maximal SREBP-1a promoter activity. Interestingly, in the studies that demonstrated a significant regulation of SREBP-1c mRNA levels by fasting/refeeding, there was a similar response for the SREBP1a transcript. Since Sp1 sites have been identified in the insulin response regions of several genes [13] , it is probable that the Sp1 response elements in the SREBP-1a promoter are important for the insulin-dependent changes in its mRNA in liver.
MATERIALS AND METHODS

Plasmids
A BAC (bacterial artificial chromosome) containing the mouse genomic DNA encompassing the SREBP-1a gene (BAC310-C22) was obtained from the Sanger Institute (Hinxton, Cambridge, U.K.), and the region corresponding to − 2500 to + 29 (relative to Abbreviations used: EMSA, electrophoretic mobility-shift assay; FBS, fetal bovine serum; HEK-293T cells, human embryonic kidney 293 T cells; NF-κB, nuclear factor kappa B; RPA, RNase protection assay; SREBP, sterol-regulatory-element-binding protein; TNF-α, tumour necrosis factor-α. 1 To whom correspondence should be addressed (email tfosborn@uci.edu).
the SREBP-1a mRNA 5 -end) was amplified by PCR using the Advantage Genomic cloning kit from Clontech. This fragment was cloned into the polylinker upstream of the luciferase coding sequence in pGL3 (Promega). Deletion constructs for the present study were made by PCR amplification with strategically designed primers, and point mutations were constructed using the sitedirected mutagenesis kit from Stratagene. CMV-β-gal (where CMV stands for cytomegalovirus), pPAC-β-gal and pPACSp1 have all been described previously [14] . The NF-κB (nuclear factor κB) luciferase reporter contains tandem copies of the NF-κB site from the mouse interleukin-2 promoter upstream of luciferase and has been described before [15] .
Cells and media
Drosophila SL2 cells were cultured at 25
• C in Shields and Sang Drosophila medium (Sigma) containing 10 % (v/v) heat-inactivated FBS (fetal bovine serum). HepG2 cells (A.T.C.C.), were grown in minimal essential medium (Life Technologies, Gaithersburg, MD, U.S.A.) containing 10 % FBS (v/v) at 37
• C and 5 % CO 2 . HeLa cells and HEK-293T cells (human embryonic kidney 293 T cells) were maintained in Dulbecco's modified Eagle's medium (Irvine Scientific, Irvine, CA, U.S.A.) with 10 % FBS and additives were purchased from Life Technologies.
Transient DNA transfections
All transfections were performed by a standard calcium phosphate co-precipitation method as described in [16] . Drosophila SL2 cells were plated at 1.2 × 10 6 cells/60 mm dish and were transfected on the following day and harvested 48 h after transfection. All reporter plasmids were added at 2 µg/dish and the pPAC-β-gal control was added at 1 µg/dish. HepG2 cells were plated at 1.75 × 10 5 cells/60 mm dish and transfected on the following day. After transfection, the cells were cultured for 4-6 h and subjected to a glycerol shock [10 % (v/v) in PBS for 2 min], rinsed three times in PBS, re-fed with normal media and incubated for an additional 40 h before harvest. HEK-293T cells were plated in 6-well dishes at 3 × 10 5 cells/well on day 0. On day 1, the cells were transfected by calcium phosphate co-precipitation. Individual plasmids used in each transfection are noted in the Figure legends. On day 2 (16 h post-transfection), the dishes were washed twice with 1 × PBS and re-fed with complete media. Cells were harvested on day 3 and analysed for luciferase and β-galactosidase activities by standard methods cited below.
Enzyme assays
Luciferase activities were measured in a luminometer (Analytical Luminescence Monolight 2010) using 20 µl of cell extract and 100 µl of luciferin reagent (Promega). The β-galactosidase assays were performed using a standard colorimetric assay with 50 µl of cell extract using 2-nitrophenyl β-D-galactopyranoside as the substrate [17] . The luciferase activities in relative light units were divided by the β-galactosidase activities (absorbance at 420 nm/h) for each sample, to control for variation in transfection efficiency and cell growth.
Animal feeding studies
For the fasting experiments, B6129 male mice were obtained from Taconic (Germantown, NY, U.S.A.) and maintained on a 12 h light/dark cycle (the dark cycle was from 19:00 to 07:00) with free access of food and water. Mice were allowed to adapt to the new environment for at least 1 week before experiments. Mice (7-8 weeks old) were randomly divided into three groups. One group was fed ad libitum with regular diet, the second group was fasted for 24 h and the third group was fasted for 24 h followed by refeeding with regular diet for 12 h before killing. All mice were killed at the same time between 08:00 and 10:00. Livers were removed and immediately frozen in liquid nitrogen and stored at − 80
• C until mRNA was extracted as described below.
mRNA isolation and RPA (RNase protection assay)
Total RNA was isolated from mouse livers or other tissues using TRIzol ® (Life Technologies). Total RNA samples (20 µg) were subjected to RPA using the RPAII kit (Ambion, Austin, TX, U.S.A.). 32 P-Labelled cRNA probes were generated from pBlueScript-mSREBP-1c, mSREBP-1a-pGEM-T and L32-pGEM-2 constructs by in vitro transcription using the MAXIscript kit (Ambion). RPAs were performed by adding a cRNA probe for either SREBP-1a or SREBP-1c mRNA (1 × 10 5 c.p.m.) and a cRNA probe (1 × 10 5 c.p.m.) for L32 mRNA. L32 cRNA probe was used to normalize total amounts of RNA per lane. After digestion with RNase A/RNase T1, protected fragments were resolved on 8 M urea/5 % (v/v) polyacrylamide gels, dried and exposed to a Kodak BioMAX film, followed by scanning with an HP 7400c flat bed scanner, and signal intensities were used to approximate mRNA levels, which were then quantified using the Quantity one software (Bio-Rad).
EMSA (electrophoretic mobility-shift assay)
Nuclear extracts from SL2 cells transfected with the pPACSp1 expression construct were the source of Sp1 and were prepared as described in [18] . Similarly prepared nuclear extracts from HeLa cells treated with TNF-α (tumour necrosis factor-α) for 24 h were used as a source of NF-κB [19] .
RESULTS
The SREBP-1 gene has two promoters that are differentially regulated as presented in the Introduction. Transcripts generated from each promoter can be distinguished by an RPA with probes that cross splice junctions unique to each mRNA. Shimomura et al. [9] used this technique to demonstrate that the ratio of SREBP-1a to SREBP-1c mRNA varies significantly. The two extremes are represented by liver, where SREBP-1c is significantly more abundant than SREBP-1a, and spleen, where the reverse is true. An example of this is shown in Figure 1 where RNase protection results using mRNA from liver, spleen and kidney were analysed and the corresponding signal intensities relative to the level of a control ribosomal protein L32 mRNA were measured. These results emphasize that the ratio between the two SREBP-1 transcripts varies significantly since the level of SREBP-1c mRNA varies, whereas that of SREBP-1a is pretty constant. SREBP-1c mRNA expression is highly regulated by oxysterol signalling through LXRs (liver X receptors), insulin signalling, and SREBP autoregulation. In contrast, little is known about SREBP-1a regulation. The results in Figure 1 suggest that transcription from the SREBP-1a promoter is low and similar across tissues.
Several reports have provided evidence that SREBP-1c mRNA expression is low in fasting animals and induced by a refeeding procedure after a fast. This is a classic 'lipogenic' response pattern and is representative of several genes involved in the catabolism of carbohydrates and the synthesis of triacylglycerols. Liang et al. [10] have shown that most of the lipogenic response is gone when SREBP-1c is specifically knocked out in mice. However, the expression of SREBP-1a also follows a similar pattern of gene expression that is retained in the SREBP-1c knockout [10] . In a fasting/refeeding experiment that we performed, we noted that the magnitude of regulation for SREBP-1a and SREBP-1c was similar even though the absolute level of 1a mRNA was significantly lower (Figure 2) .
To study the mechanism of expression from the 1a promoter, we fused the mouse SREBP-1a promoter to luciferase and evaluated its activity in transient transfection experiments in HEK-293T cells (Figure 3) . When a genomic fragment containing 2521 bp of the 5 -flanking sequence was analysed, reporter activity was 100-fold higher than in the empty pGL3-basic luciferase construct. A series of 5 -and 3 -truncations of this region resulted in identifying the region from − 122 to + 1 as retaining full promoter activity (Figure 3 ). When this region of the mouse SREBP-1a promoter was aligned with the corresponding sequence from the human gene, a very limited but focused region of identity was revealed (Figure 4 ). Within the highly conserved sequence there are two putative binding sites for Sp1 and little else that could be determined by simple predictions on the basis of known consensus sites. It should be noted that here is a potential site for NF-κB in the mouse promoter that is not conserved in the human gene. To evaluate the significance of the conserved potential Sp1 sites as well as the overlapping NF-κB site, we introduced point mutations into the sites and analysed the resulting mutant reporter plasmids for luciferase expression ( Figure 5 ). Single mutations in each Sp1 site decrease the promoter activity by 2-4-fold, and the combined double mutation results in a 20-fold
Figure 2 Analysis of SREBP-1a or -1c mRNA levels during fasting and refeeding
Mice were separated into three groups and fed ad libitum (normal) or fasted for 24 h or fasted for 24 h followed by a 12 h period of refeeding. Animals were killed and total RNA was harvested from liver and analysed by an RPA as described in the legend to Figure 1 decrease in promoter activity. Thus the two conserved potential Sp1 sites are critical for promoter activity. However, mutation of the putative NF-κB element did not reduce promoter activity significantly.
To evaluate directly whether the Sp1 protein truly binds to the putative sites in the proximal SREBP-1a promoter, we prepared nuclear extracts from Drosophila SL2 cells that were transfected with an expression vector for human Sp1 (Figure 6 ). We have used this system as a source of Sp1 protein in other studies [16, 18] . Nuclear extracts from untransfected SL2 cells did not bind the probes used in the EMSA (lanes 2, 8 and 14) . In contrast, there was a strong band corresponding to Sp1 binding when extracts from SL2 cells transfected with the Sp1 expression vector were used with wild-type EMSA probes from this region (lanes 3, 9 and 15). The binding was decreased when an excess of cold probe corresponding to the wild-type DNA was added (lanes 4, 10 and 16), but competition was not observed when competitor DNAs containing point mutations within the putative Sp1 recognition motifs were used (lanes 5, 6, 11, 12, 17 and 18) . Thus the DNA sites predicted to function as Sp1 elements are required for maximal SREBP-1a promoter activity and they also bind Sp1 in vitro.
To determine directly whether changes in Sp1 expression result in changes in SREBP-1a promoter activity, we used a transient DNA transfection method in Drosophila SL2 cells (Figure 7) . Expression of Sp1 along with the wild-type SREBP-1a promoter plasmid resulted in a dose-dependent activation of luciferase reporter activity. Importantly, mutations in the 5 -Sp1 site did not affect this stimulation significantly, whereas a mutation in the 3 -site or the double mutation totally eliminated the response to DNA containing the wild-type or indicated mutant versions of the mouse SREBP-1a promoter were fused to luciferase and analysed for promoter activity as described in Figure 3 . N denotes a mutation in the putative NF-κB site. All constructs were analysed in triplicate and average values are plotted as fold activation above the value obtained for the empty pGL3 vector. The DNA sequence for the proximal region of the mouse SREBP-1a promoter, along with locations of the putative Sp1 and NF-κB sites, is shown in the upper panel. The sequences for individual probes derived from this sequence and used in the EMSA studies are shown below the wild-type sequence. Mutations generated in probes S1 and S2 are noted in lower-case. An autoradiogram from a typical EMSA is shown in the lower panel. The identity of the three probes that were 32 P-labelled and used in the EMSA are shown. 'NE' denotes nuclear extract prepared from mock-transfected SL2 cells (M) or from SL2 cells transfected with the pPACSp1 expression vector (+). Where indicated, a 50-fold molar excess of the indicated unlabelled double-stranded oligonucleotide ('Comp.') was included in the binding reactions with the labelled probes. (+) denotes that the cold competitor was the same DNA used as a probe. S1 and S2 denote the use of mutant probes containing the mutations shown in the top of the Figure. exogenous Sp1. Thus the 3 -site appears to be more crucial to promoter activity in SL2 cells.
Even though mutations of the putative NF-κB site did not significantly affect expression from the SREBP-1a promoter ( Figure 5 ), we evaluated NF-κB binding and activation (Figure 8) . Nuclear translocation of endogenous NF-κB was activated by treating HeLa cells with TNF-α. Activated NF-κB bound to a known high-affinity NF-κB DNA site from the promoter
Figure 7 SREBP-1a promoter is activated by Sp1 in SL2 cells
Drosophila SL2 cells were used in a transfection assay along with the indicated SREBP-1a promoter plasmids. Where indicated, an expression vector for pPACSp1 was also included at either 100 or 300 ng. A control pPAC-β-gal plasmid was co-transfected in all samples as a control. Each construct was analysed in triplicate and the luciferase values were normalized to β-gal and plotted as indicated on the x-axis.
(lanes 1-7). NF-κB also bound to a probe from the wild-type SREBP-1a promoter (lanes 15-21); however, there was no TNF-α-stimulated binding to a DNA fragment from the SREBP-1a promoter with a mutation introduced into the predicted NF-κB site (lanes [8] [9] [10] [11] [12] [13] [14] . To evaluate NF-κB activation, we performed a transient DNA transfection experiment where expression constructs for the p50 and p65 subunits of NF-κB [19] were cotransfected along with the SREBP-1a promoter-luciferase reporter ( Figure 8, bottom panel) . Inclusion of the NF-κB expression constructs did not significantly affect expression from the wildtype SREBP-1a or a version containing a multibase substitution in the NF-κB site. Under these conditions, there was a mild activation of the positive control NF-κB site containing luciferase reporter.
DISCUSSION
Hepatic levels of SREBP-1a mRNA are very low compared with SREBP-1c. Indeed, SREBP-1a mRNA levels are low and at very similar levels in all the tissues examined and the changes in the ratio of 1a to 1c in different tissues is largely due to the level of 1c mRNA changes. Our studies demonstrate that SREBP-1a expression is controlled by a very simple promoter that controls the expression of its mRNA.
In the present study, we show that the promoter for mouse SREBP-1a is contained in a very small region of DNA that is proximal to the mRNA 5 -end. In this region, there are two binding sites for the transcription factor Sp1 that are key to promoter activity. Both sites are required for maximal promoter activity in transfection assays in mammalian cells. These two Sp1 sites reside in a region that is highly conserved with the human gene ( Figure 4 ) and, consistent with our functional data, there is very little sequence conservation outside of the 5 -end proximal region. These results provide functional relevance for the usefulness of 'phylogenetic footprinting' that emphasizes the use of sequence comparisons across species to define important cis-acting DNA elements. This technique was first used in studies of the lowdensity lipoprotein receptor and globin regulatory regions [20, 21] and has been continually refined and expanded as genome sequence information became available and computational methods were improved [22] .
To evaluate directly the role of Sp1 in activating the SREBP-1a promoter, we turned to studies in the Drosophila SL2 cell line since there is no endogenous Sp1, but the expression of Sp1-responsive promoters can be stimulated by co-transfection of expression vectors that encode the Sp1 protein [16, 23] . Using the SL2 cells, we showed that expression of the SREBP-1a promoter was stimulated by co-expression of Sp1 and the stimulation required the Sp1-binding sites. Additionally, we also showed that the Sp1 expressed in the SL2 cells bound to DNA probes containing the putative Sp1-binding sites from the SREBP-1a promoter. These studies indicate that the SREBP-1a promoter is small, simple and composed of two Sp1-binding sites. We also identified a putative response element for the NF-κB protein that was in close proximity to and potentially overlaps with one of the Sp1 sites (Figure 4) . We did show that NF-κB binds to this site in vitro (Figure 8 ). However, mutations that specifically disrupted the NF-κB-binding site had no effect on SREBP-1a promoter activity ( Figure 5 ) and co-transfection of cells with constructs that express subunits of NF-κB failed to stimulate SREBP-1a promoter activity (Figure 8 ).
Since SREBP-1c is the major SREBP-1 isoform expressed in the mammalian liver, most studies have focused on its role in hepatic metabolism. Importantly, in a mutant mouse model where the unique first exon of SREBP-1c was specifically knocked out, the robust lipogenic response to a fasting/refeeding regimen that occurs in normal animals is significantly decreased [10] . However, the fasting/refeeding-dependent regulation of SREBP-1a mRNA levels ( Figure 2 ) appears to be normal in the SREBP-1c knockout animals. This result provides strong evidence that normal levels of SREBP-1c are necessary for the lipogenic response, but they also indicate that changes in SREBP-1a mRNA also occur during the fasting/refeeding cycle and they are independent of SREBP-1c. On the basis of these results and the other available data that implicate Sp1 in insulin signalling [13] , it is probable that the changes in SREBP-1a levels are due to Sp1.
Figure 8 NF-κB binds to the SREBP-1a promoter
The DNA sequence for the region of the mouse SREBP-1a promoter is shown in the top panel, where the positions of the two critical Sp1 sites and the NF-κB site are noted. The sequences for the individual probes derived from this region and used in the EMSA studies are shown below the wild-type sequence. The multibase substitutions introduced in the putative NF-κB site are noted in lower-case. The third probe corresponds to a characterized NF-κB site in the mouse kappa light chain gene [19] . An autoradiogram from a typical EMSA is shown in the middle panel. TNF-α was added to HeLa cells at 100 ng/ml for the indicated times (hours) and nuclear extracts were prepared and used in the EMSA. Bottom panel: data from a transient DNA transfection, where the SREBP-1a wild-type or NF-κB mutant version were transfected alone or in the presence of expression vectors for NF-κB subunits p50 and p65 (10 ng each). The pNF-κB luciferase reporter plasmid was as described in [15] .
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